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Evidence for an anomalous like-sign
dimuon charge asymmetry
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w Matter — Antimatter Asymmetry

* One of major challenges of particle physics — explain the
dominance of matter in our Universe gl

 Number of particles and antiparticles produced
in the Big Bang 1s expected to be equal

 For some reason matter becomes more antimatter matter
abundant in the early stages of Universe

« Antimatter completely annihilated
* Hence we're left only with matter today

One of conditions (A. Sakharov) required antimatter matter
to explain this process — properties of particles

and antiparticles must be different
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w CP violation in SM

e (P violation is naturally included in the standard model
through the quark mixing (CKM) matrix

e Many different measurements of CP violation phenomena
are 1n excellent agreement with the SM:

— All measurements are consistent with a single apex of this
unitarity triangle plot
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w CP violation in SM

* The SM disagrees with one experimental fact — our existence

— The SM source of CP violation 1s not sufficient to explain the
imbalance between matter and antimatter

— See e.g. P. Suet, E. Sather, Phys.Rev.D51, 379-394 (1995)
— Some theoretical studies claim up to 10 orders of magnitude deficit of
the CP violation provided by the SM
« New sources of CP violation are required to explain the
matter dominance

Search for new sources of CP violation —
an important task of current and future experiments
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D& CP violation in mixing

« Main goal of our measurement 1s to study CP violation in
mixing in the B, and B, systems

* Magnitude of this CP violation predicted by SM 1s negligible
comparing to present experimental sensitivity

* Contribution of new physics can result in a significant
modification of the SM prediction, which can be tested
experimentally

— Small SM value simplifies detection of possible deviation

A measurement of CP violation significantly different from
zero would be unambiguous evidence of new physics
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Dimuon charge asymmetry

.............. B * B’ ﬂ_

 We measure CP violation in mixing using
the dimuon charge asymmetry of semileptonic B decays:

++ ——
qb = N b N b
sl — +4+ _
N, + N,
— N,"", N,7~ — number of events with two b hadrons decaying

semileptonically and producing two muons of the same charge

— One muon comes from direct semileptonic decay b — u= X

— Second muon comes from direct semileptonic decay after neutral B
meson mixing: B 5> B’ 5 y X
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w Dimuon and semileptonic
charge asymmetry

« A%, is equal to the charge asymmetry of "wrong sign'
semileptonic B decays:

'

a° F(é_)/fX)_F(B_)ﬂ_X):Ab
" TBo>uX)+I'B-o>uX)

S

— See Y. Grossman, Y. Nir, G. Raz, PRL 97, 151801 (2006)

— "Right sign" decay is B—u"X

— "Wrong sign" decays can happen only due to flavour oscillation in
B,and B,

— Semileptonic charge asymmetry can also be defined separately
for B,and B, :

I'(B - u'X)-I'(B, > u X)
I'(B) > u'X)+I'(B) >y X)’

q
asl

q=d,s
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D& AP at the Tevatron

* Since both B, and B, are produced at the Tevatron, 4% is a
linear combination of a? and & :

— Need to know production fractions of B, and B, mesons at the
Tevatron

— Measured by the CDF experiment

A® =(0.506 % 0.043)a’. + (0.494+0.043)a’

Unlike the experiments at B factories, the Tevatron
gives a unique possibility to measure the charge
asymmetry of both B, and B,
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D A’ and CP violation

« Non-zero value of 4%, means that the semileptonic decays
of B, and B, are different

e It implies CP violation in mixing
— 1t occurs only due to the mixing in the B, and B, systems

* It 1s quantitatively described by the CP violating phase ¢,
of the B’ (¢ = d,s) mass matrix:

T,
asl =AM tan(¢q)

q
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D& A’ and the standard model

* Standard model predicts a very small value of A%:

2010/05/14

Al =(-2.372)x10™

— using prediction of a4 and a°; from
A. Lenz, U. Nierste, hep-ph/0612167

— New physics contribution can significantly change this value by
changing the CP violating phases ¢, and ¢,

Our goal is to measure A, and compare it
with the standard model prediction

Dimuon charge asymmetry - Fermilab Wine & Cheese seminar
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Measurement Method
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w Experimental observables

* Experimentally, we measure two quantities:
e Like-sign dimuon charge asymmetry:

N++ _N——
N™"+N—"

* Inclusive muon charge asymmetry:

A

nt—n

a
n+n

— N7, N~ — the number of events with two like-sign dimuons

— n', n~ —the number of muons with given charge
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DeJ Experimental observables and A%

* Semileptonic B decays contribute to both 4 and a;
* Both 4 and a linearly depend on the charge asymmetry 4°

. b

A=K A+ A,,,

— recall that A% = a’

 In addition, there are detector related background
contributions 4,,, and a,,

Our task 1s:

* Determine the background contributions 4,,, and a,,,
* Find the coefficients K and &

Jo100d ¢ EXtract the asymmetry 4°




w Background contribution

~ \
a=kA:’, ay
A=KAf,+Abkg

« Sources of background muons: e

— Kaon and pion decays K™—u"v, 77— u v or punch-through

— proton punch-through
— False track associated with muon track

— Asymmetry of muon reconstruction

We measure all background contributions directly in
data, with a reduced input from simulation

With this approach we expect to control and decrease
the systematic uncertainties
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w Correlated background
uncertainties

* The same background processes contribute to both 4,,, and a,;,
* Therefore, the uncertainties of 4,,, and a,,, are correlated

 We take advantage of the correlated background contributions,
and obtain 4°  from the linear combination:

A=A—-aa

— Coefficient o is selected such that the total uncertainty of 4° is minimized
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Measurement Details
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w Data in this analysis: 6.1 fb-!

Run Il Integrated Luminosity 19 April 2002 - 9 May 2010
10.0
9.0
v
8. 54
8.0 [ ] //
Y
7.0 . — Delivered ..r/ /
This measurement "4 //

@ 6.0 | 7
250 L/ e )i
2 —
5 4.0 //4/

30 Pl Vd

P —
wd
2.0 A
A
L
1.0 = ~Z il
| e
0.0

L L L L L 4, 4, 4, 4,
gy g, P, 0, 0, g, g, P, P T, T g T, g, e g, Py, g, By M, e, g, Py
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w Reversal of Magnet Polarities

e Polarities of DO solenoid o /'I-I"' ut Pad
and toroid are reversed (®) ()
regularly

* Trajectory of the negative
particle becomes exactly Swapping Magnet Polarity
. —-
the same as the trajectory
of the positive particle with the reversed magnet polarity

* by analyzing 4 samples with different polarities (++, —, +—, —)
 the difference in the reconstruction efficiency between positive and
negative particles 1s minimized

Changing polarities is an important feature of
DO detector, which reduces significantly
systematics in charge asymmetry measurements
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Event selection

e Inclusive muon sample:

Charged particle identified as a muon

1.5 <p; <25GeV

muon with pr <4.2 GeV must have |[p,| > 6.4 GeV
n| <2.2

Distance to primary vertex: <3 mm in axial plane; < 5 mm along
the beam

* Like-sign dimuon sample:

2010/05/14

— T‘IT

n nnag N
4 VYU 111UV11D VU

Both muons satisfy all above conditions
Primary vertex 1s common for both muons

M) > 2.8 GeV to suppress events with two muons from the
same B decay

Dimuon charge asymmetry - Fermilab Wine & Cheese seminar

19



w Blinded analysis

The central value of AP, was extracted from the full data
set only after the analysis method and all statistical and
systematic uncertainties had been finalized
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B /g

Raw asymmetries

N\

b
a=\kA, +a,,

A5 K A, + Ay,

e We select:

— 1.495%10° muon in the inclusive muon sample

— 3.731%10° events in the like-sign dimuon sample

* Raw asymmetries:

2010/05/14

@ = (+0.955+ 0.003)%
A= (+0.564 + 0.053)%

nt—n
a=—-—

n"+n
AEN — N

N+ N

Dimuon charge asymmetry - Fermilab Wine & Cheese seminar
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w Detailed description of background

a=kAf,+@

A=KA;’,+A,,kg

* Background contribution g, to inclusive muon sample:

abkg = fkak +f7[a7[ +fpap +(1_fbkg)5

- fK’ f?{ , and f, are the .fractio.ns of }(aons, pions and protons
1dentified as a muon 1n the inclusive muon sample

— ag, a,, and a, are the charge asymmetries of kaon, pion, and
proton tracks
— 0 1s the charge asymmetry of muon reconstruction

- f})kg :fK +ﬁr +f1‘9

2010/05/14 Dimuon charge asymmetry - Fermilab Wine & Cheese seminar 22



w Detailed description of background

_ b
a=kA, +ay,,

A=K A}, +A,,
N—

* Background contribution 4,,, to like-sign dimuon sample:

Ay, =FA+F A +F A +(2-F,)A

— Fy, F,, and F, are the fractions of kaons, pions and protons
identified as a muon in the like-sign dimuon sample

— Ay, A,_, and A, are the charge asymmetries of kaon, pion, and proton
tracks

— A 1s the charge asymmetry of muon reconstruction
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D Kaon detection asymmetry

abkg=fak fﬂ'aﬂ'+fpap+(1_fbkg)6

Ay, = F\A, -y F A +F,A +(2-F,)A
\
» The largest background asymmetry, and the largest background
contribution comes from the charge asymmetry of kaon track
identified as a muon (a., Ay)

* Interaction cross section of K™ and K~ with the detector material
1s different, especially for kaons with low momentum
— e.g., forp(K) =1 GeV:

(K d)~80mb
o(K*d)~33mb

It happens because the reaction K~ N— Y« has no KN analogue
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w Kaon detection asymmetry
abkg = f a, fﬂ'aﬂ' + fpap +(1_ fbkg)6

Ay, = F\A, -y F A +F,A +(2-F,)A
\/

« K" meson travels further than K~ 1n the material, and has more
chance of decaying to a muon

It also has more chance to punch-through and produce a muon
signal

* Therefore, the asymmetries a,, 4, should be positive

« All other background asymmetries are found to be about ten
times less

This asymmetry 1s difficult to model, and
measuring it directly in data significantly reduces
the related systematic uncertainties
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Ay = F\A, 4 F,A, + F,A,+(2— F,,))4

X __Measurement of kaon asymmetry
@y = flagh foa, + fra,+ (1= )5

¢ — K* K~ decay

N
e Define sources of kaons:

K> K'n
$(1020) > K* K

e Require that the kaon 1s
1dentified as a muon

e Build the mass distribution
separately for positive and
negative kaons

* Compute asymmetry in the
number of observed events

2010/05/14

Dimuon charge asym
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w Measurement of kaon asymmetry
abkg=fak fﬂ'aﬂ'+fpap+(1_fbkg)§

Ay, = F\A, -y F A +F,A +(2-F,)A
N
« Results from K—K* 7~ and #(1020)—>K*K~ agree well

— For the difference between two channels: y*/dof=5.4/5

* We combine the two channels together:

= 0.08 »
£ | DG, 6.1 b’
2 006 ¢ t
S if
“M 0.04 i —+-
0.02 |
0 P S S S B R
5 10 15 20 25
2010/05/14 pP(K) [GeV]




w Measurement of a,, a,

N

ay, = i, + fla. ¥ fla, (- f,. )0

Ay = F A + B A fr A, (2- F,,)A
A

* The asymmetries a, , a, are measured using the decays

K, —n" n and A—p 7~ respectively

e Similar measurement technique is used

A a, a,

Data | (+5.51+0.11)% | +(0.25+0.10)% | (+2.3 +2.8)%
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E !/ﬂ

Measurement of f, F

ay, 5 i, + fa,.+ f,a, +(1_fbkg)5
Ay T Fidi + F. A +F,A +Q2-F,)A
N\
2 03] -
- - (@) D@, 6.1 fb
* Fractions f , Fy are measured 02l
using the decays K/ —-K 7~ o :
0.1}
* We measure fr+), Frx |
* We find fg./f using the similar 0 —— TR T re—
decay K™ K~ pr(K) [GeV]
. 03] ~
— In this decay we measure f., /fr, | ; (b) DY, 6.1 1b
and convert 1t Into f+y/fx 0.2 + ;
i +—¢—
0.1} +
Y% 10 15 20 2

2010/05/14

Dimuon charge asymmetry

pr(K) [GeV]




w Measurement ot f, , f,, F

Apre = fia,

fa Af,

p T A= fie)0

A, =F.A

bkg

et X Eofh

A, +(2-F,, )4

* Fractions f_, ]; , F_, F are obtamed using f,. , I with an
additional 1nput from simulation on the ratio of
multiplicities n, / ny and n, / ng

£ | DO, pythia
9 E e-n_/ny
= 3 .- n /
= : . .
S ;
g 2r
S i
S i
S 1h
2010/05/14 0= 5 10 15 20 25 30
py [GeV]




w Summary of background composition

fbkg=fk+ffr+fp

 We get the following background fractions in the inclusive
muon events:

(l_fé)kg) fK f;[ ]?9
MC | (59.0+0.3)% | (14.5£0.2)% | (25.7+0.3)% | (0.8+0.1)%

Data | (58.1£1.4)% | (15.5£0.2)% | (25.9£1.4)% | (0.7£0.2)%

— Uncertainties for both data and simulation are statistical

— Simulation fractions are given as a cross-check only, and
are not used in the analysis

— Good agreement between data and simulation within the
systematic uncertainties assigned
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w Muon reconstruction asymmetry
abkg = fkak +f7ra7r +fpap +(1_fbkg 5
Ayy = F A, + F A, + F,A,+(2- F,))A

N/

* Reversal of toroid and solenoid polarities cancel the first-order
detector effects

* Quadratic terms in detector asymmetries still can contribute into
the muon reconstruction asymmetry

* Detector asymmetries for a given magnet polarity a;,, = O(1%)
* We can expect the residual reconstruction asymmetry :

0~A=0(0.01%)
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w Muon reconstruction asymmetry
abkg = fkak +f7[a75 +fpap +(1_fbkg 5
Ay =F A+ F, A, +F,A,+(2-F,)A

\_

 We measure the muon
reconstruction asymmetry
using J/wy—pup events

&
—
S
=

| D@, 6.1 1"

asymmetry 0
=
=
S
S ©
L 4

e Average asymmetries _ |
5 and A are: -0.002 |
5 = (—0.076 £ 0.028)% I
W70 15 20 25
A= (=0.068+0.023)%

Pr(W) [GeV]

@ = (+0.955+ 0.003)%

* To be compared with:
A =(+0.564 £+ 0.053)%

Such small values of reconstruction asymmetries are a
direct consequence of the regular reversal of magnet

polarities during data taking 33




w Summary of background contribution
abkg — fkak + f;z'an' + fpap +(1_fbkg)§
Ay, =FA+F A +F A +(2-F, )A

e We obtain:

Jxag (%) Sz (Vo) Jptt, (%0) (1-fi0)0 (Y0) Ay
or FyAy (%) | or F;A, (%) | or F A4, (%) | or (2-F,,)A (%) or Ay

Inclusive | 0.8544+0.018 | 0.095+0.027 | 0.012+0.022 | —0.044+0.016 | 0.917£0.045

Dimuon | 0.828+0.035 | 0.095+0.025 | 0.000+0.021 | —0.108+0.037 | 0.815%0.070

 All uncertainties are statistical

* Notice that background contribution 1s similar for inclusive
muon and dimuon sample: 4, = a,
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kAS”, a-a,,
K A,

A-A,,

NS

Signal contribution

n—n

a ——
n +n

A

N++ _ N——

N +N"

» After subtracting the background contribution from the "raw"
asymmetries a and A4, the remaining residual asymmetries are
proportional to 4°

 In addition to the oscillation process B, —» B, » u*X,
several other decays of b- and c-quark contribute to inclusive

muon and like-sign dimuon sample

» All processes except B, > B, > "X don't produce any
charge asymmetry, but rather dilute the values of @ and 4 by
contributing in the denominator of these asymmetries

2010/05/14

Dimuon charge asymmetry - Fermilab Wine & Cheese seminar
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w Coefficients k and K

k f, =a—ay,,

K/A) = A- Ay

e (Coefficients £ and K take into account this dilution of
"raw" asymmetries a and A4

e They are determined using the simulation of - and c-quark
decays

— These decays are currently measured with a good precision, and
this input from simulation produces a small systematic uncertainty

o (Coefficient £ 1s found to be much smaller than K, because
many more non-oscillating b- and c-quark decays
contribute to the asymmetry a:

k =0.041£0.003 k
—=0.121+0.01
K =0.342+£0.023 K

2010/05/14 36




w Bringing everything together

e Using all results on background and signal contribution we get

two separate measurements of A%, from inclusive and like-sign
dimuon samples:

A’ = (+0.94£1.12 (stat) £ 2.14 (syst) )% (from inclusive)
A’ =(—0.736 £ 0.266 (stat) + 0.305 (syst) )% (from dimuon)

— Uncertainties of the first result ]
are much larger, because of a Dimuon
small coefficient £ = 0.041+0.003 .

— Dominant contribution into the
systematic uncertainty comes I B

from the measurement -0.02 0 0.02

. b
of f and I fractions Ay

Inclusive
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The contribution of 4% in
the inclusive muon asymmetry
a is suppressed by k£ = 0.041£0.003

The value of a 1s mainly determined
by the background asymmetry a,,,

We measure a,,, in data, and we
can verify how well does it describe
the observed asymmetry a

We compare a and a,,,
as a function of muon p,

We get y?/dof = 2.4/5 for the
difference between these
two distributions

Closure test

Asymmetry

(a) ® -Asymmetryabkg D@, 6.1 tb™
[ - Asymmetry a 1
5 10 15 20 25
) pT(M) [GeV]
| (b) DG, 6.1 b
ij_\ R IS EVER T ST R N SNNNTIN A ST N ST
S 10 15 20 25

p(W) [GeV]

Excellent agreement between the expected and observed
values of a , including a p, dependence

Dimuon charge asymmetry - Fermilab Wine & Cheese seminar
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w Combination of measurements

« Many uncertainties 1n these two measurements are

correlated

e (Obtain the final result using the linear combination:

A=A-aa=(K-ak)A,+(A4,, -aa,,)

— The parameter a is selected such that the total uncertainty of 4° is
minimized

* Since 4, = a,, and the uncertainties of these quantities
are correlated, we can expect the cancellation of
background uncertainties in A’ for a~=1

« The signal asymmetry A’ does not cancel in 4’ for a = 1

because:

2010/05/14

k<< K
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w Combination of measurements

e Optimal value of a is obtained by the scan of the total
uncertainty of A” obtained from A4’

e ¢ The value 0=0.959 1s selected:

0.006

- —— Total uncertainty D@, 6.1 fb™
| ---- Statistical uncertainty
------- Systematic uncertainty

tainty

—

&

—

i 5N
|

b
g uncer

A
=
—
S
o

|

.
e,
L)
., L]
.....
L] L]
L] L]
LI *®
'''''
........
..............
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Final result

Dimuon charge asymmetry - Fermilab Wine & Cheese seminar

41



D& Final result

« From A'= A —o a we obtain a value of 4° :

A" = (~0.957 £ 0.251 (stat)  0.146 (syst) )%

* To be compared with the SM prediction:

Ay (SM) = (-0.02355) %

* This result differs from the SM prediction by ~3.2 ¢

2010/05/14 Dimuon charge asymmetry - Fermilab Wine & Cheese seminar



Statistical and systematic

uncertainties
AP inclusive Ab, AP

Source muon dimuon combined

A or a (stat) 0.00066 0.00159 0.00179

fr or Fi (stat) 0.00222 0.00123 0.00140
P(r— pn)/P(K — n) 0.00254 0.00035 0.00010
P(p— p)/P(K — n) 0.00301 0.00044 0.00011
Ak 0.00410 0.00076 0.00061

AL 0.00699 0.00086 0.00035

A, 0.00478 0.00054 0.00001

0 or A 0.00405 0.00105 0.00077

frx or Fi (syst) 0.02137 0.00300 0.00128

m, I, p multiplicity 0.00098 0.00025 0.00018
cp or (Y 0.00080 0.00046 0.00068

Total statistical 0.01118 0.00266 0.00251
Total systematic 0.02140 0.00305 0.00146
. Total 0.02415 0.00405 (.00290

43
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* We modify selection criteria, or
use a part of sample to test the
stability of result

e 16 tests in total are performed

e Very big variation of raw
asymmetry A (up to 140%) due
to variation of background, but
AP remains stable

Consistency tests

|

L

|

————

|

s

o
———
—-—

—
——

—_—
e
——
_——r

e e—
e —
e e——

Test P
Test O
Test N
Test M
Test L.
Test K
Test J
Test 1
Test H
Test G
Test F
Test E
Test D
Test C
Test B
Test A

-0

01

0

L
0.01
Al(test) - AS(Ref)

Developed method is stable and gives consistent result
after modifying selection criteria in a wide range
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w Dependence on dimuon mass

 We compare the expected and
observed dimuon charge
asymmetry for different masses

of yu pair
* The expected and observed

asymmetries agree well for
AP, =—0.00957

e No singularity in the M(uu)
shape supports B physics as the
source of anomalous asymmetry

y

&
=
ok
n

Asymmetr
o
=
[y

=
o
[y
wn

Asymmetry
=
=
[y

- D@, 6.1

2

I

* + * (a)

++ ¢ - Observed asymmetry
s - Expected asymmetry
for Ah =0

10 20

40 50
M(up) [GeV]

30

' D@, 6.1

i

(b)

+ .

_ﬁ_ e - Observed asymmetry

+ - Expected asymmetry
} for Aj) = -0.00957
10 20 30 40 30

M(pp) [GeV]

Dependence on the dimuon mass is well
described by the analysis method

2010/05/14
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w Comparison with other measurements

. . &
 In this analysis we measure

a linear combination of 0.01

d s .

a’, and a*;:

Asbl = 0.506 af, +0.494 a, -0.01°"

. 3 DY
e Obtained result agrees well -0.02 e
: 7 = Standard Model
with other measurements of S
ad andas 20.03F acilory oAAe
sl sl - DO B D, 1 X
IIIIIIIIIlIIIIlIIIIIII I

-0.04-0.03-0.02-0.01 0 001

d
asl
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w preliminary combination

 Our (preliminary) combination of all measurements of

semileptonic charge asymmetry shows a similar deviation
from the SM.

SM

-0.01

FEEDO A, 3
- . Standard Model
-~ B Factory W.A. -
"BDO B D, u X
-0.03 - Preliminary

Combination
_IIII|IIII|IIIIIIIII|II

-0.04-0.03-0.02-0.01 0 0 01
2010/05/14 ag 47
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D& Value of a°

« Obtained A’ value can be translated to the semileptonic
charge asymmetry of B, meson

« We need additional input of @, = —0.0047+0.0046
measured at B factories

e We obtain:

a’, = (-1.46 +0.75)%

a’ (SM) = (+0.0021 % 0.0006)%

* Disagreement with the SM 1s reduced because of
additional experimental input of a“
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w Comparison with other measurements

Obtained value of a°; can be translated into the measurement of

the CP violating phase ¢ and A7

This constraint 1s 1n excellent agreement with an independent
measurement of ¢, and A7, in B.—J/w ¢ decay

This result 1s also consistent with the CDF measurement 1n this
channel

-
-

/BY — T/
./ (D@,281b")

CDF Run Il Preliminary 2.8 b

fas 68% CL
95% CL

——————————————————————————————————————————————————




w Combination of results

* This measurement and the result of DO analysis in B.—J/w¢
can be combined together

* This combination excludes the SM value of ¢, at more than
95% C.L.
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w This result at a glance

* Evidence of an anomalous charge asymmetry in the number of
muons produced in the initially CP symmetric pp interaction

e This asymmetry 1s not consistent with the SM prediction at a
3.20 level

 This new result 1s consistent with other measurements

 We observe that the number of produced particles of matter
(negative muons) 1s larger than the number of produced
particles of antimatter

e Therefore, the sign of observed asymmetry is consistent with
the sign of CP violation required to explain the abundance of
matter in our Universe

This result may provide an important input for
explaining the matter dominance in our Universe
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w Conclusions

« New measurement of 4, is performed

A" = (~0.957 £ 0.251 (stat)  0.146 (syst) )%

« Almost all relevant quantities are obtained from data with minimal
input from simulation

* Closure test shows good agreement
between expected and observed
asymmetries in the inclusive muon sample;

* Result differs from the SM prediction by 3.2¢

 Result 1s consistent with other measurements of CP violation 1n
mixing
 Dominant uncertainty 1s statistical — precision can be improved with

more luminosity
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E !/%

A’ and CP violation

« Non-zero value of 4%, means that the semileptonic decays
of B, and B, are different;

* It implies CP violation in mixing;
— 1t occurs only due to the mixing in B, and B_;

e Quantity describing CP violation in mixing 1s the complex
phase ¢, of the B’ (¢ = d,s) mass matrix:

M
=] iy

12
M,

A 12\*
) 2 U) I

I

AM, =M, -M, ~2\M}|
Al =T, -1, ~2

12
I,
12
M,

d

12

¢, = arg(—

cos g,

* afy1s related with the CP violating phase ¢, as:
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q9 _ Al'; t
aSI_W an(¢q)

q
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2010/0:

Entries/10 MeV

(data-fit)/10 MeV

Measurement of f,, F

Fractions f , Fy are measured using the decays K0 —K*7~
selected in the inclusive muon and like-sign dimuon samples

respectively;
Kaon 1s required to be 1identified as a muon;

We measure fractions fi+,, Fi+;

(104 Inclusive muon sample like-sign dimuon sample
<00 | @ DG, 6.1 b E SO000 F ) ossoossnmmane DG, 6.1 b
-------------------------------- < 60000
— L
1000 - 2 40000 |
_ : 7
500 , £ 20000 ,
v*/dof = 81/45 ; v*/dof = 48/52
008 09 1 11 12z 13 008 09 1 11 12 13
<10 M(K'n) [GeV] M(K*n) [GeV]
(b) + DG, 6.1 fb! 1000 D@, 6.1 fb!
10000 -

500

+

ol { M !t b
BT AX

08 09 1 11 12 13 . . 12 13
M(K'n) [GeV] M(K'n) [GeV]

=]

(data-fit)/10 MeV




w Peaking background contribution

« Decay p’—r*m produces a peaking background in the (Kn)
mass

e The mass distribution from p’—z*z~ is taken from simulation

2010/05/14

> B
z 1500[ "
> o o0 ~
— o ¢ plortn
— B o
.§ 1000 C o..
£ K -
S s00f ‘ -
- .0'0.. ..“0'0..
OT N T | [ R T TR m”‘
0.8 0.9 1.1 1.2 1.3
M(K'1) [GeV]
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D& Measurement of f,, F

* To convert these fractions to fi , Fx we need to know the
fraction R(K™) of charged kaons from K —K*z~ and the
efficiency to reconstruct an additional pion ¢, :

fK*O = fKR(K*O)go; Fry = FKR(K*O)go
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E !’E

« We also select decay K™ —Kn';

We have:
N...=Ng R(K™)s,

— R(K™) is the fraction of K¢ mesons
from K™ — Kt decay;

— ¢, 1s the efficiency to reconstruct
an additional pion;

Measurement of f,, F

Entries/10 MeV

(data-fit)/10 MeV

XIO?

L (a) D@, 6.1 fb™!
3000 T v*/dof = 54/49
2000 [

1000 |-
0= %8 09 1 11 12 13
M(K') [GeV]
*D@, 6.1fb"!
i

11 12 1.3
M(K ") [GeV]
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D& Measurement of f,, F

PDG 2009
=; +
« R(K™)=R(K") due to - r— 4
1SOspin 1nvariance: =
— verified with the available data 051

on production of K™ and K™ in
jets at different energies (PDG); 0 20 40 60 80 100
Vs [GeV]

— Also confirmed by simulation;
— Related systematic uncertainty 7.5%
* g, = g, because the same criteria are used to select the pion in
K*—Ka*and K0 —-K*n~
— Verified in simulation;
— Related systematic uncertainty 3%;
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w Measurement of f,, F

* With these conditions applied, we obtain £ , Iy as:

_ N(Ky)
Tk = N(K™) T
Fo=YE) g
NK™) &

— The same values N(K ), N(K™") are used to measure fi , Fy ;
«  We assume that the fraction R(K™) of charged kaons
n

coming from K —K*z~ decay is the same in the inclusive
muon and like-sign dimuon sample;

— We verified this assumption in simulation;

« We assign the systematic uncertainty 3% due to this
assumption;
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Measurementof f , F_

 We use as an input:

Measured fractions fy, Fy;

Ratio of multiplicities of pion and kaon n_/n, in QCD events taken
from simulation;

Ratio of multiplicities of pion and kaon N_/N, in QCD events with
one additional muon taken from simulation;

Ratio of probabilities for charged pion and kaon to be 1dentified as
a muon: P(m—uw)/ P(K—wu) ;

Systematic uncertainty due to multiplicities: 4%

 *Weobtainf_, F_as:

2010/05/14

P(x— u) n,
fn'=fK ( ﬂ

P(K —> u) n,
F. =F, P(r—> pu) N,

P(K > u) N,
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w Measurement of P(m—p)/ P(K—n)

* The ratio of these probabilities 1s measured using decays
K, —n" 7 and ¢(1020)—>K"K™ ;
 We obtain:

P(x — 1)/ P(K — 1) =0.540£0.029

—~ 27

% :D0,6.1fb'1

Y 15, :

S 4

= lj

Lo+

& OS5fH e

0|{|J
S 10 15 20 25
Py [GeV]
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w Measurement of fp, F )

* Similar method 1s used to measure the fractions f, , F ;

 The decay 4—pn~ 1s used to 1dentify a proton and measure

P(p—p)/ P(K—w),
- We obtain: [P(p > 1)/ P(K — g) = 0.076+0.021

—~ 1

% - DO, 6.1 b $

g 08]

= 0.6]

% j

L o04f

= 02

0 l*“—+“ """"
5 10 15 20 25
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w Muon reconstruction asymmetry

2
e We measure the asymmetry of| X190
muon reconstruction using > 2000 D, 6.1 P @)
decays J/y—uu; = 1500 | %’/dof = 62/29
— Select events with only one jl% 1000 |
identified muon and one % *
additional track; = >00 _
— Build J/w meson in these events; Oy =55 3 35 4
: + -
— Extract muon reconstruction M(up) [GeV]
asymmetry from the asymmetry % g DZQ, 6.1fb" . (b
in the number of events with E 1000 | x/dof = 51/36 ; n(p’) ~ n(w)
positive and negative muon; % 0 '} t 4t t
=
= -1000 |
2 25 3 35 4
M) [GeV]
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w Track reconstruction asymmetry

We measure track reconstruction
asymmetry using events with one
muon and 1 additional track;

We compute the expected track
asymmetry using the same method
as in the main analysis, and we
compare i1t with the observed
asymmetry;

The difference 6 = a;— a,,
corresponds to a possible residual
track reconstruction asymmetry;

Asymmetry
— =
& =
S S
= X

-0.002

| (a)
I

ey

DO, 6.1 b’

5 10

15 20 25
p(track) [GeV]

“+

| (b)

A

DO, 6.1 b~

|

15 20 25
pr(track) [GeV]

We find the residual track reconstruction asymmetry consistent

with zero:

5 = (+0.011+0.035)%
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w Processes contributing to a and A4

N\
cAf, a—a,, nt—n y NN
a= =
CA:’I A_Abkg n+n N4+ N
N—
Process a A
Do 0 +
B/ ->B ->uX Yes Yes
b>co>uX Yes Yes
B —> u* X (without oscillation) | Yes No
co>uX Yes No

 All processes except B, - B) > u*X don't produce any charge
asymmetry, but rather dilute the values of a and A by

contributing in the denominator of these asymmetries; -



w Processes contributing to a and A4

Process Weight
T b—pu X wy = 1.
Tha b— p~X (nos) wie = (1 — xo)wi
Tww b—b—pu X (osc) wip = You'
To b—e—pu™X wo = 0.113 £+ 0.010
T5. b—c— p™X (nos) wa, = (1 — xo)ws
Tor b—b—c— puTX (osc) Wy = Youw?
T3 b— céqgwith e — X or e — = X ws = 0.062 £+ 0.006

7, W, p[j._ »(1020), S/, op" — T
bbeé with ¢ — "X oré— = X
cewithe— p"Xoré— pu X

wy = 0.021 == 0.001
wy = 0.013 £ 0.002
wg = 0.660 £ 0.077
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Consistency tests

e Test A: Using only the part of the data sample cor-

responding to the first 2.8 fh™!.

e Test B: In addition to the reference selections, re-

quiring at least three hits in muon wire chamber
layers B or C, and the y? for a fit to a track seg-
ment reconstructed in the muon detector to be less
than 8.

Test C: Since the background muons are produced
by decays of kaons and pions, their track param-
eters measured by the central tracker and by the
muon system are different. T'herefore, the fraction
of background strongly depends on the y? of the
difference between these two measurements. The
requirement on this y? is changed from 40 to 4 in
this study.
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Consistency tests (cont.)

e Test D: The requirement on the transverse impact
parameter 18 changed from 0.3 to 0.05 cm, and
the requirement on the longitudinal distance be-
tween the point of closest approach to the beam
and the assoclated primary vertex 1s changed from
0.5 to 0.05 cm (this test serves also as a cross-check
agalnst the possible contamination from muons
from cosmic rays in the selected sample).

e Test E: Using only low-luminosity events with fewer

than three primary vertices.

e Test F: Using only events with the same polarities

of the solenoidal and toroidal magnets.
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w Consistency tests (cont.)

e Test G: Changing the requirement on the invariant
mass of the two muons from 2.8 GeV to 12 GeV.

e Test H: Using the same muon py requirement, pr >
4.2 GeV, over the tull detector acceptance.

e Test |: Requiring the muon p7 to be pp < 7.0 GeV.

e Test J: Requiring the azimuthal angle ¢ of the muon
track be m the range 0 < ¢ < 4 or 5.7 < ¢ <
2. This selection excludes muons directed to the
region of poor muon ldentification efficiency in the
support structure of the detector.
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w Consistency tests (cont.)

e Test K: Requiring the muon 7 be in the range |n| <
1.6 (this test serves also as a cross-check against
the possible contamination from muons associated
with the beam halo).

e Test L: Requiring the muon » be in the range |n| <
1.2 0or 1.6 < |n| < 2.2.

e Test M: Requiring the muon 7 be in the range |n| <
0.7or 1.2 < |n| < 2.2.

e Test N: Requiring the muon » be in the range 0.7 <
n| < 2.2.
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w Consistency tests (cont.)

e Test O: Using like-sign dimuon events passing at
least one single muon trigger, while 1gnoring the
requirement of a dimuon trigger for these events.

e Test P: Using like-sign dimuon events passing both
single muon and dimuon triggers.
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